Abstract -The main goal of this research was to create and test technical solutions that reduce nitrogen oxide emissions in lowcapacity pellet boiler. During the research, wood pellets were incinerated in a pellet boiler produced in Latvia with a rated capacity of 15 kW. During the research two NO x emission reduction methods were tested: secondary air supply in the chamber and recirculation of flue gases. Results indicated a drop of NOx concentration only for flue gas recirculation methods. Maximum reduction of 21% was achieved.
I. PRIMARY NITROGEN OXIDE REDUCTION DURING A PROCESS OF BIOMASS COMBUSTION
There are three types of nitrogen oxides NO x known depending on the mechanisms of their origin:
-Thermal -Zeldovich mechanism; -Prompt -Fenimore mechanism; -Fuel.
Among many factors impacting a formation of nitrogen oxides in furnaces, the followings can be distinguished [1] :
-Concentration of components in the thermo-chemical reactions taking place in a combustion zone; -Retention time of components and combustion products in a reaction zone;
-Temperature level in a reaction zone.
Thermal oxides are formed by the oxidation of nitrogen in air impacted by high temperatures. Essential concentrations of oxides can be observed if the temperature in the combustion zone is > 1300°C [2, 3, 4] .
In the formation of prompt nitrogen oxides molecular nitrogen in air is involved by reacting with intermediate product of hydrocarbons [3] .
The formation of fuel oxides is generally determined by the nitrogen content in the fuel but this is not the only determing factor. In practice, it can be observed that when the effective combustion rules overviewed above (air consumption is higher than stehiometric, high temperature, longer retention time) are reached, the level of fuel oxides is higher [5] .
Experimental researches on biomass combustion show that only fuel nitrogen oxides are important [5] . The relative importance of thermal, prompt and fuel nitrogen oxides for biofuels of different types depending on temperature are shown in Figure 1 .
During the experiments [5] wood pellets, herbaceous biomass and used wood chip boards and wood were used. Fuels vary with nitrogen content part of mass of which changes from 0,15% in the case of wood chips up to 2% for used wood or wood chip boards. Fig. 1 . NOx emission levels for different types of biofuel depending on temperature [5] .
As the temperature in furnaces of biomass combustion equipment is within 800 -1200°C it can be observed that thermal as well as prompt nitrogen oxides are insignificant. It has to be noted that oxygen content and retention time in the combustion zone are important for every forming mechanism of nitrogen oxides. When these parameters increase, an amount of nitrogen oxides increases. An arrow in the right lower corner of Fig. 1 shows this correlation.
The results of experimental researches [6] on changes of nitrogen oxides formation depending on the nitrogen content of the fuel are shown in Figure 2 .
Research indicates that an increase of fuel nitrogen content creates an increase in the nitrogen oxides level which is stated as mg/nm 3 (oxygen content of flue gas 10%) in one research [6] and mg/MJ (fuel) in another research [8] . But as can be seen in Figure 2 , by increasing the nitrogen amount in fuel, the part of nitrogen which is transformed into oxides decreases.
The end result of fuel nitrogen transformation in the process of combustion can be nitrogen oxides, atomic nitrogen or nitrogen discharged with ashes. Overall it can be asserted that an amount of discharged nitrogen oxides are equal with the produced amount of oxides, except the amount of oxides degraded during the reactions of reduction [9] . The possible reactions of fuel nitrogen during the process of combustion are illustrated in Figure 3 . Fig. 2 . Formation of NOx emissions in boilers combusting pellets with different nitrogen content [6, 7] . In the diagram, the reactions of fuel nitrogen which take place both in the gaseous (combustion of volatile substance) and solid (combustion of coke) state can be tracked. It can be observed that the end products of fuel nitrogen conversion are nitrogen oxides, molecular oxides and nitrogen presented in the content of biomass ashes.
II. PRIMARY NITROGEN OXIDES REDUCTION WITHIN THE PROCESS OF BIOMASS COMBUSTION
Technologies applying separated air and fuel injection as an effective method for primary NO x reduction are rapidly developing within the last 10 years. The base of processes of primary NO x reduction is previously observed conception. As it was mentioned before, separated air injection ensures both effective fuel combustion and a reduction of nitrogen oxides. To make the reduction of nitrogen oxides possible, the phase of the formation and combustion of volatile substances has to be separated from the total combustion of gaseous products, creating a reduction zone. The reduction zone has to be large enough to ensure the required retention time in the reduction zone for reaction components necessary for reduction reactions. In the reduction zone, combustion of a rich mixture is taking place in conditions with an air deficit. The total combustion of fuel is achieved by the injection of secondary air after the reduction zone. The principles of separated air and fuel injection are schematically shown in Figure 4 . As it can be observed in the case (A) of Figure 4 , combustion in the first stage takes place in conditions when the air consumption coefficient < 1. This means that molecular nitrogen forms during the fuel nitrogen reactions. Ensuring a good mix of first level combustion products with secondary air, the total fuel combustion and small total air consumption can be achieved.
A principle of separated fuel combustion is shown in case (B) of Figure 4 . Applying this principle of fuel combustion in the first stage, fuel combustion takes place in conditions where air consumption is a little higher than stechiometrically necessary. This is a reason why the formation of nitrogen oxides can be observed. Then an additional fuel is added which getting mixed with the combustion products of the previous stage creates conditions for rich fuel mixture combustion with an air consumption coefficient < 1. Under the conditions of air insufficiency previously created, the nitrogen oxides, reacting with NH 3 and HCN in reduction zone are reduced, thus creating molecular nitrogen. This process is similar to the one which occurs in case of separated air injection. If, in the case of separated air injection, a zone where combustion takes place under the conditions of an air deficit is called the reduction zone, then, in the case of separated fuel injection -reburning zone.
In the end of the combustion process, an amount of air necessary to complete combustion is injected. At this stage, the air consumption coefficient is >1. In this way, the complete combustion of fuel is achieved with a minimal level of nitrogen oxides emissions. The total air consumption coefficient of fuel combustion is λ > 1. It must be noted that, in the case of separated fuel supply, the temperature in the reduction zone is lower (approximately 800°C) compared with 1100-1200°C, which is the case when applying the principle of separated air injection. This can be very crucial in the case when the fuel has a low ash melting temperature. Ordinarily, the melting temperature of wood ash is approximately 1300°C. It is significantly lower (from 800-900°C) in the case of herbaceous biomass and recycled wood which is associated with the larger content of inorganic substances which can create compounds with low melting temperatures. The methods of fuel combustion shown in Figure 5 have several common features. In all cases fuel is combusted completely and effectively and it is done using separated air injection. In the "Conventional 2-stage Combustion", the primary air is injected under the grates in the fuel layer with λ < 1. Complete combustion is achieved with the help of secondary air, which is injected into the volatile substance in the combustion zone above the grate with λ < 1. Both zones are located in the same area. This is the way combustion takes place in modern energy efficient biomass boilers.
The scheme in the middle differs from the previous one in that the primary and secondary place for air injection are located in separated areas, which creates a reduction zone. It is done in the case if a primary NO x reduction in boilers is provided. By constructing a reduction zone, the dimensions of a boiler increase and the boiler becomes more constructively complicated. The coefficient of air consumption and the reduction reaction occurring is shown in Figure 5 . Separated air and fuel inflow are shown in the "Fuel staging". Here the reduction zone develops between the secondary fuel and air injection.
III. DESCRIPTION OF EXPERIMENTAL BOILER
Within this research some constructive solutions for nitrogen oxide reduction are applied and verified under real conditions. For the experiment a pellet boiler with a nominal capacity of 15 kW produced in Latvia was chosen.
A principal scheme of the furnace of the pellet boiler is shown in Figure 6 . A pellet supply screw is inserted into an air injection channel but it is separated from the air injection system. Pellets are supplied through the bottom of the burner. The boiler has a compulsory air injection system fitted with a centrifugal ventilator. For the combustion process, air is injected in the burner in two levels.
A portion of air is injected into the pellet layer through the small clefts in the bottom of the burner but the other portion of air is injected through clefts in the top of the burner under a cone. The air injection clefts are placed along the overall perimeter of the burner and air is injected in spiral way. Due to this solution, the flame is turned and creates a swirl. The flue gases developed in the process of combustion is returned to the bottom of the furnace where they are drained to the heat exchange pipe system.
IV. DESCRIPTION OF THE EXPERIMENTAL STAND
In order to conduct the experiments, a boiler testing stand was used. It is placed in the Laboratory of Environmental Monitoring of the Riga Technical University. The developed stand makes it possible to test small capacity boilers according to the methodology of standard LVS EN 303-5 [12] . A principal scheme of the stand is showed in Figure 7 .
A heat load in the stand is developed using a compulsory air convection cooler. If the cooling capacity is not enough, a water accumulation tank is used as an additional cooler.
In order to determine the energy efficiency of the boiler, a direct method is used and it is based on the ratio between effectively produced heat energy and the consumed fuel chemical energy.
During the boiler testing, a monitoring of flue gas temperature, chemical content and measurements of solid particles are performed. Additionally, rarefactions in the funnel are determined and controlled. The flue gas temperature is determined in five different places in the funnel using K-type thermocouples. A concentration of solid particles is measured using an isokinetic flue gas sampler. The operational principles of the equipment are based on isokinetic gas sampling and gravimetric method of solid particle determination.
Oxygen content in the flue gases is determined using a magneto-mechanical stationary analyzer. Carbon dioxide, carbon monoxide and nitrogen monoxide content in the flue gas is determined using an infrared absorption analyzer. Nitrogen dioxide concentration is determined with an electrochemical analyzer.
Boiler testing is done under nominal boiler operational conditions i.e. water flow -0,6 m 3 /h, water return temperature 50°C and rarefaction in funnel -≤ -20 Pa. The minimal time of one complete test is six hours. Testing is initiated after achieving stable boiler performance parameters. The results of the measurements were recorded during the testing. Measurements of the solid particle concentration were done four times during each test. The duration of one measurement is 30 minutes.
For realization of the experiment, the pellets produced of sawdust of deciduous trees in Latvia were used. During the process of the production of pellets used in the experiment, no chemical cohesive substances were used. The average diameter of pellets is 6.25 millimeters and the characteristic length -16.2 mm. For the quantitative evaluation of the pellet quality in the Laboratory of Environmental Monitoring of the Riga Technical University, characteristic parameters were determined: ash content, moisture, net and gross calorific value, volume density, amount of cutting and mechanical durability. The determination of parameters was done according to solid biofuel standards CEN/TS released by European Committee for Standardization CEN (TC335). The values of parameters characterizing pellet quality are shown in Table 1 .
To keep the representation of pellets used in experiment for the duration of the experiment at one level, they were kept in hermetically-sealed packages.
V. METHODS USED FOR REDUCTION OF NO X EMISSIONS
During the research two mechanisms for NO x emissions reduction were examined. One of the mechanisms is the injection of additional air into the furnace; the other is flue gas recirculation and secondary injection into the furnace of the boiler.
TABLE I CHARACTERISTICS OF THE PELLETS USED IN THE EXPERIMENTS

A. Secondary air injection
Supplementary air for the combustion process is injected separately from the primary air injection into the upper zone of the flame or after it. In this experiment a secondary air injection was conducted in the upper zone of the flame through the steel ring with nozzles placed into the furnace. The ring was fixed in the centre of the furnace 5 cm above a burner cone and approximately 20 cm above the fuel bed (see Fig. 8 ). The secondary air was delivered up until the ring from the bottom of furnace through a steel pipe. Air was delivered into the furnace with the help of ca ompressor (without an oiling system) with a regular flow and pressure of < 0.2 bar.
The first boiler tests showed that flame was distributed and turned down already in the middle of the furnace. As a result, the ring was placed above the burner cone to exclude distribution of the flame prolonging a length of the combustion zone Initially, the variant with horizontally-placed nozzles and air injection parallel to the flame was examined (a). This type of air injection made a distribution of the flame even stronger and it was not investigated further. The vertical nozzle placement (air injection parallel to the flame) lengthened the flame but more noticeable effect was achieved with spiral nozzle placement at 30°. This type of nozzle placement made it possible to lengthen the flame thereby intensifying a spiral effect of it turning. Two full time tests of boilers were performed using the ring with transversally placed nozzles.
B. Flue gas recirculation
To conduct the experiments, flue gas recirculation was performed draining a part of the flue gas into the air injection channel (see Fig. 10 ). Recirculation was ensured with the help of a centrifugal ventilator and for the regulation of recirculation level a speed of rotation of the ventilator driving motor was changed.
The flue gas drained from the funnel was delivered to the air injection channel where it was mixed with air delivered to the combustion process. Actually this solution is a formation of air-flue gas mixture and injection into the boiler furnace.
Using the flue gas recirculation principle mentioned above, several pilot tests and one full-time test were performed. During the tests it was established that flue gas recirculation in the air injection system substantially impacts its productivity. As a result, a lack of air necessary for combustion was observed. However, enhancing the productivity of the air injection ventilator at the level of recirculation was diminished. The simultaneous increase of both ventilators did not produce the results desired because of the excess of boiler and funnel nominal flow, which created overpressure in the furnace as a result. For the performance of the full-time test, the mentioned recirculation system productivity of both ventilators was maintained at a level to ensure minimal flue gas recirculation and the air amount necessary for combustion.
To avoid an impact of air injection and flue gas recirculation system for the performance of further experiments, flue gas recirculation was performed injecting flue gas directly into the burner (see Fig. 11 ). A pipe was connected to the ventilator of recirculation and flue gas was delivered through this pipe to the burner. Flue gas was injected into the centre of the burner slightly above the pellet level. Using the flue gas recirculation system mentioned above, several pilot tests and one full-time test were performed. A. Reference test, without changes in boiler construction; B. Flue gas recirculation through the air injection system; C. Secondary air injection into the furnace through the ring; D. Flue gas recirculation through the air injection system and secondary air injection through the ring; E. Flue gas recirculation directly into the boiler burner. The results of measurements of the flue gas monitoring, flame temperature and boiler performance efficiency performed during the tests are summarized in Table 2.   TABLE II  RESULTS OF BOILER TESTS A comparison in the fluctuations of concentrations of NO x emissions in the five tests performed is shown in Figure 12 . Changes of concentrations given in the diagram refer to normal conditions with an oxygen concentration 10%-vol and characterizes changes of concentrations within two hours in the middle of the test. 
VII. CONCLUSIONS
Secondary air injection in the upper part of the flame does not impact the formation of NO x but instead a reduction of CO was observed. Spiral placement of nozzles in the steel ring helps to avoid flame scattering and lengthens the zone of combustion. A further investigation of this solution can offer a reduction of carbon monoxide emissions. The secondary air supply system used in the experiments is not sufficient to decrease primary air supply below α ≈ 0.7. Therefore no impact on the NO x concentration level was observed using this system.
From the NO x emission reduction point of view, a flue gas recirculation has greater potential. The recirculation was used during three tests and results of those tests showed reduction of NO x emissions, but an essential increase of CO. For further use of flue gas recirculation, it is necessary to optimize the amount of supplied air along with the use of complete combustion methods;
Flue gas recirculation through the air injection system is not technically correct and it is hard to apply. This method does not offer preferable flue gas recirculation because ventilators of air injection and recirculation mutually impact the performances of each other. Flue gas recirculation through the air injection system is connected also with the possible inflow of flue gas into the area through the air ventilator, formation of condensation in the air injection channel and problems with regulating the performance of both ventilators; The highest NO x emissions reduction was achieved using flue gas recirculation with delivery through the bottom of the burner into the centre of the flame. Further research of this method is required using mechanisms for carbon monoxide reduction in parallel; VIII. REFERENCES
